Huntington's disease (HD) is a hereditary neurodegenerative disorder presenting with chorea, dementia, and extensive striatal neuronal death. The mechanism through which the widely expressed mutant HD gene mediates a slowly progressing striatal neurotoxicity is unknown. Glutamate receptor-mediated excitotoxicity has been hypothesized to contribute to the pathogenesis of HD. Here we show that transgenic HD mice expressing exon 1 of a human HD gene with an expanded number of CAG repeats (line R6͞1) are strongly protected from acute striatal excitotoxic lesions. Intrastriatal infusions of the N-methyl-D-aspartate (NMDA) receptor agonist quinolinic acid caused massive striatal neuronal death in wild-type mice, but no damage in transgenic HD littermates. The remarkable neuroprotection in transgenic HD mice occurred at a stage when they had not developed any neurological symptoms caused by the mutant HD gene. At this stage there was no change in the number of striatal neurons and astrocytes in untreated R6͞1 mice, although the striatal volume was decreased by 17%. Moreover, transgenic HD mice had normal striatal levels of NMDA receptors, calbindin D28k (calcium buffer), superoxide dismutase activity (antioxidant enzyme), Bcl-2 (anti-apoptotic protein), heat shock protein 70 (stress-induced anti-apoptotic protein), and citrate synthase activity (mitochondrial enzyme). We propose that the presence of exon 1 of the mutant HD gene induces profound changes in striatal neurons that render these cells resistant to excessive NMDA receptor activation.
Huntington's disease (HD) is an autosomal dominant, progressive neurodegenerative disorder. Typically, symptoms appear in midlife and are characterized by involuntary choreiformic movements, cognitive impairment, and emotional disturbances (1) . Although there is some atrophy of the neocortex, the major site of pathology is the striatum, where up to 90% of the neurons may be lost (2, 3) . The disease mutation consists of an expanded CAG trinucleotide repeat in exon 1 of a gene coding for a protein with unknown function called huntingtin (4) . Whereas unaffected individuals typically display 6-34 CAG repeats in this gene, patients with HD usually exhibit between 36 and 120 CAG repeats (5) . The mechanism through which mutant huntingtin mediates neurotoxicity is unknown. It has been suggested that a mutant huntingtin exhibits a conformational change (6) , which may cause abnormal interactions with other proteins or between mutant huntingtin molecules (7) (8) (9) (10) (11) . Such interactions may explain the intranuclear inclusions containing huntingtin that are found in brains of human HD patients (12) . Huntingtin is ubiquitously expressed in peripheral tissues and in the central nervous system, with no specific enrichment in the striatum (13) (14) (15) (16) . Therefore it is particularly intriguing that the neuropathology is focused to the striatum.
The striatum receives dense excitatory glutamatergic input from the corticostriatal pathway. For more than 20 years, glutamate receptor-mediated cell death-i.e., excitotoxicityhas been hypothesized to be involved in the pathogenesis of HD (17) (18) (19) (20) (21) . Excitotoxic striatal lesions produced by local injections of quinolinic acid, an agonist of the N-methyl-Daspartate (NMDA) receptor subtype of glutamate receptors, mimic many of the neurochemical and neuropathological characteristics of HD (22) (23) (24) . For example, there is a selective loss of medium-sized spiny striatal projection neurons (the predominant striatal cell type), relative sparing of striatal aspiny interneurons containing somatostatin, neuropeptide Y, and NADPH-diaphorase (22) (23) (24) , and sparing of afferents to the striatum and fibers of passage (25) . Importantly, NMDA receptors are preferentially lost in the striatum of postmortem brains from HD patients, suggesting that neurons with NMDA receptors degenerate (26) .
A recently developed transgenic mouse model that expresses exon 1 of the human HD gene with an expanded number of CAG trinucleotide repeats has provided an important advance in HD research (27) . Three different lines [R6͞1, (CAG) 115 ; R6͞2, (CAG) 145 ; and R6͞5 (CAG) 128 -156 ] that display progressive neurological symptoms have been created. Importantly, striatal neurons of all affected transgenic lines exhibit intranuclear inclusions containing huntingtin prior to onset of symptoms (28) . In addition, the R6͞2 line has been reported to exhibit metabolic dysfunction in the brain (29) .
In the present report, we investigated whether the chronic expression of mutant huntingtin changes the reaction of striatal neurons to excessive NMDA receptor activation. We studied striatal excitotoxic lesions produced by infusion of quinolinic acid, an endogenous NMDA receptor agonist, in 18-week-old presymptomatic transgenic (line R6͞1) and wildtype littermate mice.
MATERIALS AND METHODS
Animals and Quinolinic Acid Lesion. Heterozygous transgenic R6͞1 males of the CBA ϫ C57BL͞6 strain were purchased from The Jackson Laboratory and maintained by crossing carrier males with CBA females. Mice were genotyped by using a PCR assay. Blood samples for determination of glucose concentration were obtained from the tail and analyzed with a Glucometer II (model 5529; Ames, Miles Laboratories). Quinolinic acid (Sigma) was dissolved in 0. Terminal Deoxynucleotidyltransferase-Mediated dUTPBiotin Nick End Labeling (TUNEL). In 10-m-thick cryostat sections, the number of TUNEL-positive cells was measured with a commercially available kit according to the enclosed protocol (Apoptag; Oncor, Gaithersburg, MD). After staining, sections were incubated with Hoechst 33342 (2 g͞ml for 5 min; Molecular Probes) to label all nuclei. Positive controls were carried out by treating sections with DNase I (1 g͞ml; Sigma) before the assay.
Fluoro-Jade. Fluoro-Jade staining was performed as described by Schmued et al. (30) . Briefly, 10-m-thick brain sections were cut, mounted, dried, and immersed in 100% ethanol, followed by 70% ethanol. Sections were then treated with 0.06% potassium permanganate for 15 min. After rinsing, sections were immersed in Fluoro-Jade (0.001% Fluoro-Jade͞ 0.1% acetic acid; Histo-Chem, Jefferson, AR) for 30 min, followed by a 5-min incubation with Hoechst 33342 (2 g͞ml).
Immunoblotting. Striata were excised and snap-frozen in liquid nitrogen. They were homogenized in 100 l of buffer containing 150 mM NaCl, 50 mM Tris⅐HCl (pH 7.6), 1% Nonidet P-40, 0.25% sodium deoxycholate, 1 mM EGTA, and protease inhibitors. Protein content of the homogenates was determined by the bicinchoninic acid method (Bio-Rad). Equal amounts of protein were separated by SDS͞polyacryl-amide gel electrophoresis (12% for calbindin D28k and Bcl-2; 8% for NMDA-R1 and heat shock protein 70), and electroblotted onto nitrocellulose membranes (Hybond ECLTM, Amersham-Buchler). Protein content was routinely controlled by redeveloping the membranes with an anti-actin antibody (1:100,000 Chemicon, clone C4). The membranes were blocked with 5% (wt͞vol) low-fat milk and 1% fetal calf serum in a buffer containing 10 mM Tris⅐HCl (pH 8.0), 150 mM NaCl, and 0.5% Tween 20, and then incubated with the primary antibodies (calbindin D28, Sigma, 1:200; Bcl-2: clone3F11, PharMingen, 1:200; NMDA-R1, Chemicon, 1:100; heat shock protein 70, clone C92F3A-5, Stressgen, Victoria, BC, 1:1000). Blots were developed with IgG-horseradish peroxidase followed by enhanced chemiluminescence detection (ECL, Amersham).
Citrate Synthase and Superoxide Dismutase Activity. Homogenization and protein determination of striatal tissue were performed essentially as described for immunoblotting. Citrate synthase activity was measured spectrophotometrically in striatal tissue homogenates as previously described (31) . The activity of superoxide dismutase was quantified spectrophotometrically at 340 nm in striatal homogenates according to Paoletti et al. (32) . One unit of activity is defined as the amount of enzyme that inhibits 50% of the oxidation of NADH induced by superoxide. When validating the method we found a 98% inhibition of NADH oxidation with purified superoxide dismutase (100 units͞ml; Sigma).
Cell Counting and Data Analysis. The number of cells positive for DARPP-32, GFAP, cresyl violet, TUNEL, FluoroJade, or Hoechst 33342 was assessed on blind-coded slides with a semi-automated stereological system [Olympus C.A.S.T. Grid system (version 1.10), composed of an Olympus BX50 microscope and a X-Y-Z step motor stage run by a computer). The area of the striatum was delineated and a counting frame was randomly placed within the striatum to mark the first area to be sampled. The frame was then systematically moved through the striatum. The number of positive cells was then extrapolated according to a stereological algorithm (33) . The lesion volume was determined by using the same equipment as described above. Cell counts in untreated mice and all volume measurements were performed on sections from the whole striatum. When assessing the number of dying and surviving cells after quinolinic acid infusion, the number of cells was investigated on five serial sections (120 m apart) surrounding the cannula track. All data were analyzed by unpaired twotailed Student's t test and presented as mean Ϯ SD.
RESULTS
Histological and Phenotypic Characteristics of Transgenic HD Mice. In our colony of R6͞1 HD mice, the transgenic mice began to exhibit behavioral changes after 22-26 weeks. These were initially subtle and included hunched posture, tremor, and poor grooming. The histological features of the intact striatum of 18-week-old presymptomatic transgenic HD mice were compared with wild-type littermate controls. The total number of cell bodies (including both neurons and glia) in the striatum of transgenic HD mice was unchanged compared with wild-type littermates, when assessed in cresyl violet-stained sections ( Table 1 ). The number of medium-sized spiny striatal projection neurons, which is the most affected neuronal population in HD (34, 35) , was investigated with immunohistochemistry for DARPP-32. In transgenic mice, the number of DARPP-32-expressing neurons was not different from that seen in wild-type littermates (Table 1) . Also, regarding the number of GFAP-positive astrocytes, there was no difference between R6͞1 transgenic and wild-type mice (Table 1 ). In addition, we observed no dying cells within the striatum of untreated transgenic mice when sections were stained for TUNEL or Fluoro-Jade (data not shown). Even though there were no changes in cell number, the volume of striatum in transgenic mice was reduced by 17% compared with wild-type littermates (Table 1) . 
Cell Death After Intrastriatal Infusion of Quinolinic Acid.
To investigate whether the chronic expression of mutant HD gene changes the reaction of striatal neurons to excessive NMDA receptor activation, we performed intrastriatal infusions of quinolinic acid in transgenic HD and wild-type littermate mice. The pattern of cell death 48 h after infusion of quinolinic acid was studied with Fluoro-Jade (Fig. 1 A, B , E, and F) and TUNEL ( Fig. 1 C, D, G, and H) staining. Fluoro-Jade, a fluorescent marker for dying neurons (29) , stained 54% of the striatal cells in the five coronal sections closest to the site of the injection in wild-type littermate controls ( Fig. 1 A and E and Fig. 2 ). In contrast, the transgenic HD mice were almost totally resistant to intrastriatal injections of quinolinic acid. Only a very small number of cells along the cannula track were found to be labeled with Fluoro-Jade ( Fig.  1 B and F and Fig. 2 ). On adjacent sections we used the TUNEL method, which labels nuclei with double-strand DNA breaks as an indication of apoptosis. This technique also showed vast labeling throughout the striatum of wild-type littermate mice (49%) and labeling of only a very small number of cells (3%) along the track of the cannula used to deliver quinolinic acid into the brains of transgenic HD mice (Fig. 1  C, D, G, and H and Fig. 2 ). The numbers of cells labeled by Fluoro-Jade or TUNEL in the transgenic HD mice were similar to the numbers of labeled cells after sham injection of saline into the striatum (data not shown). Therefore the dying neurons in the transgenic HD brains may be the result of mechanical damage caused by the cannula, rather than an effect of quinolinic acid. Control experiments showed that intrastriatal quinolinic acid injections in normal female CBA mice result in a size of lesion, as evaluated with the Fluoro-Jade staining on coronal brain sections, similar to that observed in wild-type littermate mice (data not shown).
Cell Survival After Intrastriatal Infusion of Quinolinic Acid. We employed DARPP-32 immunohistochemistry and cresyl violet staining to study the surviving neurons 14 days after intrastriatal quinolinic acid injection in both transgenic HD and wild-type littermate mice (Fig. 3) . Consistent with the observation of a high degree of cell death in wild-type littermates at 48 h after quinolinic acid injection, 85% of the DARPP-32-immunostained striatal projection neurons in the five sections closest to the stereotactic injection were lost 14 days after quinolinic acid-induced lesion (Fig. 3 A and E, and Fig. 4 ). In contrast, only 3% of the DARPP-32-labeled neurons had disappeared in the transgenic HD mice (Fig. 3 B and F and 4 ). Since the decreased number of DARPP-32 immunopositive neurons could be caused by down-regulation of DARPP-32, we also assessed the total number of nonpyknotic cells (both neurons and glia) in cresyl violet-stained sections (Fig.  3 C, D, G, and H) . In wild-type littermates, a 72% decrease in number of cresyl violet-stained cells was observed (Fig. 3 C and  G and Fig. 4) . In contrast, in the brains of transgenic HD mice the number of striatal cells was not decreased, but there was an increase in cell density close to the cannula tract, possibly caused by cell proliferation͞infiltration (Fig. 3 D and H and  Fig. 4 ). In addition, we measured lesion volume on cresyl violet-stained sections. The lesion volume in wild-type mice was 3.90 Ϯ 0.13 mm 3 and in transgenic HD mice only 0.04 Ϯ 0.01 mm 3 . Biochemical Markers. We addressed possible mechanisms underlying the marked reduction in sensitivity of the striatum of R6͞1 transgenic HD mice to quinolinic acid-induced toxicity. Thus we examined several proteins that are of relevance to NMDA receptor-mediated toxicity in striatal tissue from untreated R6͞1 transgenic HD mice and wild-type littermates. First, we observed normal levels of the NMDA-NR1 subunit of the NMDA receptor in transgenic HD mice when we used immunoblotting, indicating that NMDA receptor level is unchanged (Fig. 5) . Similarly, we saw no changes in the levels of the calcium-binding protein calbindin D28k or in the levels of the two antiapoptotic proteins bcl-2 and heat shock protein 70 (Fig. 5) . In addition, we measured the activity of the antioxidant enzyme superoxide dismutase and found no significant increase in transgenic HD mice (wild-type ϭ 86.7 Ϯ 9.8 units͞mg of protein; transgenic ϭ 99.2 Ϯ 6.3 units͞mg of protein; P ϭ 0.06; n ϭ 5 per group). Citrate synthase activity (a general marker for mitochondrial density) was also measured. Again there was no difference in enzymatic activity in striatal tissue from transgenic and wild-type littermates (wildtype ϭ 208 Ϯ 12 units͞mg of protein; transgenic ϭ 200 Ϯ 8 units͞mg of protein; P ϭ 0.28; n ϭ 5 per group). Because it has been reported that mice of the R6͞2 line may develop diabetes (36), we measured blood glucose levels in both fasting and nonfasting mice. However, transgenic R6͞1 mice have normal blood glucose levels (fasting blood glucose in wild-type mice ϭ 6.5 Ϯ 0.1 mM, transgenic ϭ 6.5 Ϯ 0.4 mM; nonfasting blood glucose in wild-type mice ϭ 11.0 Ϯ 0.7 mM, transgenic ϭ 10.2 Ϯ 0.3 mM; n ϭ 5 per group).
FIG. 1. Micrographs of striatal sections prepared from brains 48 h after intrastriatal quinolinic acid injection, labeled with the two fluorescent cell death markers Fluoro-Jade (A, B, E, and F) or TUNEL (C, D, G, and H). Sections from wild-type mice (wt; A, C, E, and G) contain numerous stained cells. In sections from transgenic mice (tg; B, D, F, and H) only very few cells are labeled along the cannula track (arrowheads). [Bar

DISCUSSION
We have shown that presymptomatic R6͞1 transgenic HD mice are strongly protected from NMDA receptor-mediated excitotoxicity induced by intrastriatal injections of quinolinic acid, indicating that the presence of exon 1 of the mutant HD gene induces profound changes in striatal neurons. After intrastriatal injection of quinolinic acid the transgenic HD mice exhibited total protection of striatal projection neurons stained by DARPP-32 immunohistochemistry and an almost complete absence of cells stained by the fluorescent cell death markers Fluoro-Jade and TUNEL. The vast majority of previous work regarding the natural history of transgenic mice expressing exon 1 of a human HD gene with an expanded number of CAG trinucleotide repeats has focused on the R6͞2 line (27, 28, 37) . The number of CAG repeats in the R6͞2 mice is 145, whereas it is 115 in the R6͞1 mice used in this study. As a result R6͞2 mice develop symptoms already at 9-11 weeks of age, including resting tremor, irregular gait, stereotypic and abrupt movements, epileptic seizures, and diabetes (27, 36) . In our colony of R6͞1 transgenic HD mice, the transgenic mice begin to exhibit neurological symptoms after 22-26 weeks. Presymptomatic 18-week-old mice of the R6͞1 line exhibited a reduced striatal volume (17%), but the numbers of cresyl violet-stained cells, DARPP-32-positive projection neurons, and GFAP-stained astrocytes were still not reduced and no ongoing cell death was observed. Taken together, these observations suggest that cell size and͞or extracellular matrix is reduced because of the HD mutation. Brain size is also reduced by 19% in the R6͞2 line (27) , but no quantification of cell number has hitherto been reported.
The observed dramatic reduction in excitotoxic striatal damage in presymptomatic transgenic R6͞1 mice was not caused by a decreased expression of NMDA receptors, since we found normal levels of striatal NMDA receptors when we used immunoblotting. These data are in agreement with earlier findings by Cha et al. (37) , who studied the expression of glutamate receptors in the R6͞2 line of mice. The calciumbinding protein calbindin D28k has been shown to protect against excitotoxicity (38) , and there is evidence that calbindin D28k is increased in a subpopulation of striatal neurons in HD patients (39) , maybe a result of excitotoxic stress (40) . However, immunoblotting revealed that the level of calbindin D28k was unchanged in transgenic HD mice. In addition, the formation of oxygen free radicals plays an important role in excitotoxicity (41) , and the antioxidant enzyme superoxide dismutase protects against quinolinic acid-induced striatal lesions (42) . Nevertheless, the superoxide dismutase activity in the R6͞1 transgenic HD mice was not significantly increased.
Widespread neuronal apoptosis occurs after excitotoxic brain damage (43) . This observation was well illustrated by the abundance of TUNEL-positive neurons in the quinolinic acid-injected striatum in the present study. Therefore, it seemed valid to hypothesize that there is an up-regulation of antiapoptotic defenses in the brains of R6͞1 mice. However, we did not observe any changes in basal striatal levels of Bcl-2, a well known antiapoptotic protein (44) , or in the levels of heat shock protein 70, a stress-induced protein that has been shown to counteract apoptosis (45) . Similarly, there were no alterations of citrate synthase, suggesting that there was no major change in the mitochondrial density in R6͞1 transgenic mice. This observation is important because mitochondria play a pivotal role in excitotoxic damage (46) .
The reduced sensitivity to NMDA receptor-mediated cell death in the transgenic HD mice is particularly interesting in view of the longstanding hypothesis that excitotoxicity plays an important role in HD pathogenesis (19) (20) (21) 47) . One can speculate whether the transgene in the R6͞1 mice induces a protracted, sublethal grade of excitotoxicity in the striatal neurons, which results in a response with increased recruitment of cellular defenses against excitotoxic demise-e.g., by means of up-regulation of growth factors and their receptors (48) . A sublethal grade of excitotoxicity could be caused either by changes in glutamate transmission or by a secondary mechanism involving an impaired metabolic function (for review, see refs. 20 and 47). Interestingly, in vitro studies have shown that incubation with sublethal concentrations of NMDA results in a protein synthesis-dependent neuroprotection against excitotoxicity (49) . An analogous form of neuroprotection, called ischemic tolerance, is known to develop in the brain after minor ischemic insults in experimental animals. After the priming sublethal ischemic insult the neurons can survive when subjected to a marked ischemia that would normally kill them (for review see ref. 50 ). The mechanism of ischemic tolerance is still unknown, but NMDA receptor activation and protein synthesis are required (50) .
The changes we observed were very marked and robust, indicating that the presence of exon 1 of the mutant HD gene induces profound changes in the physiology of striatal neurons. In HD, a reduced sensitivity to NMDA receptor-mediated cell death could offer a possible explanation for the relatively slow and protracted development of neuropathology. Further studies in the R6͞1 mouse are required to determine whether the reduced sensitivity to NMDA receptor-mediated cell death is also apparent in neocortex, which displays some degeneration in clinical HD, or other regions that are unaffected in the clinical human disorder. Moreover, it will be of interest to establish whether the transgenic neurons are also less sensitive to injury induced by excessive stimulation of other glutamate receptor subtypes. Ultimately, the unraveling of mechanisms underlying the marked reduction of striatal sensitivity to excessive NMDA receptor activation in R6͞1 transgenic HD mice may help us to understand the slow pathogenic process in HD.
Note Added in Proof. Since this work was submitted, we have obtained similar results when performing intrastriatal injections of quinolinic acid (30 nmol) in 6-week-old presymptomatic transgenic HD mice of the R6͞2 line (27) .
